Food intake increases liver stiffness, but it is believed that liver stiffness returns to baseline two hours after a meal.
Introduction
Cirrhosis is the 8 th leading cause of life years lost in the United States and are responsible for might prevent progression and complications; accurate and timely diagnosis of chronic liver disease is therefore of crucial importance. For the diagnosis and staging of chronic liver disease information on the amount of fibrosis, portal hypertension and steatosis, especially in case of alcoholic and non-alcoholic fatty liver disease, are important. The reference non-invasive method to stage liver fibrosis is transient elastography (TE). [2] [3] [4] TE was introduced in Europe in 2003 and FDA approved in 2013 and is now available in more than 70 countries. TE is recommended in clinical guidelines to support decisions regarding risk of liver disease, need of follow-up and indication for treatments. [5] [6] [7] . Thus reliable measurements are essential. [8] Spleen stiffness is proposed as a marker of clinically significant portal hypertension and esophageal varices [9, 10] and controlled attenuation parameter (CAP) is a novel non-invasive marker of liver steatosis. [11] All these techniques are based on the physical properties of the liver and spleen, which might be confounded by factors other than fibrosis or steatosis. Overestimation of liver stiffness may affect clinical decision-making and lead to futile invasive interventions such as upper endoscopy and liver biopsy.
Food intake has been shown to increase liver stiffness. [12] [13] [14] [15] [16] [17] However, several points are unexplored; such as the role of the size and caloric content of the meal on liver stiffness, the influence of a meal in patients without severe fibrosis or cirrhosis and the time needed for liver stiffness to normalize, whether the effect of a meal is the same across different elastography techniques, whether the effect of a meal is the same in other etiologies than chronic viral hepatitis, and whether a meal also affects spleen stiffness and CAP values.
These limitations should be resolved before clear, general recommendations can be made to avoid false positive liver stiffness measurements. [2] The aim of this study was to evaluate the effect of a moderate caloric and a high caloric meal on the risk of misclassification of fibrosis, portal hypertension and steatosis in patients with chronic liver disease using 2D-SWE, TE and CAP.
Patients and methods Patients
We recruited patients consecutively from the outpatient liver clinics at Odense University Hospital in Denmark and Bonn University Hospital in Germany.
We included patients between 18 and 80 years with: (I) liver biopsy within 18 months of inclusion, except in patients with a diagnosis of cirrhosis based on characteristic biochemical, ultrasonographic and/or endoscopic findings, (II) prior or current excess alcohol use for more than one year or anti-HCV positivity for more than six months, and (III) ability to read and write Danish/German. We excluded patients with: (I) cholestasis or right heart failure evidenced by ultrasound, (II) hepatic inflammation defined as transaminase level more than three times the upper level, (III) prior failure to acquire TE or SWE measurements, (IV) primary or secondary hepatic malignancy, (V) severe comorbidity with an estimated survival < 12 months and (VI) liver transplantation.
Included patients were divided into two groups according to their METAVIR fibrosis score: fibrosis (METAVIR F0-3), and cirrhosis (METAVIR F4).
The regional ethics committee of Southern Denmark (project-ID: S-20130087) and ethical Committee of University of Bonn (121/14) approved the study protocol. The study honored the World Medical Association Declaration of Helsinki's ethical principles for medical research involving human subjects. All patients consented in writing before study inclusion. 
Study protocol
The patients were investigated on two separate days days within the same week, after at least a three-hour fasting period. The study design is outlined in Fig 1. On the first day, after baseline measurements, the patients ingested a 250 ml liquid meal containing 625 kcal and consisting of 49% carbohydrates, 36% fat and 15% protein (Nestlé Ressource 2.5 Compact) (Meal A). On day two, patients ingested another liquid meal of twice the caloric and volumetric size (500 ml and 1,250 kcal) (Meal B). Both meals were ingested within five minutes.
Baseline and post-meal measurements included liver stiffness and spleen stiffness with 2D-SWE and TE, CAP, portal vein diameter and portal venous blood flow at 20, 40, 60, 120 and 180 minutes after meal ingestion. We calculated portal venous flow by this formula: Flow (ml/min) = (portal vein diameter (cm)/2) 2 x π x 60 x portal velocity (cm/s).
We characterized patients with gender, age, body mass index, METAVIR fibrosis score, abdominal ultrasound and liver blood tests.
Liver and spleen elastography
In both participating hospitals an experienced operator with >500 TE exams performed all liver stiffness and spleen stiffness measurements with the equipment Aixplorer (Supersonic Imagine, France) for 2D-SWE and FibroScan 502 touch (Echosens, France) for TE and CAP.
2D-SWE was performed according to previous descriptions, [18] with a curved abdominal probe (3) (4) (5) . We performed the measurements in a right (liver) and left (spleen) intercostal space, during expiratory breath-hold, aiming for a stable, homogeneous elastogram with complete filling both spatially and temporally. We considered liver stiffness by 2D-SWE a success if at least three measurements were acquired using a Q-box!15mm and depth < 5.6 cm. [18, 19] Spleen stiffness was considered a success if at least one measurement was acquired using a Q-box !10mm and with a SD<30% of the mean. 2D-SWE exams were reported as the mean of the total number of measurements.
TE was performed according to standard, [20] in a right (liver stiffness) or left (spleen stiffness) intercostal space, with the patient in the supine position, hands above his/her head, during expiratory breath-hold. TE results for liver stiffness were considered reliable if 10 valid measurements were acquired with an interquartile range below 30% of the median liver stiffness, if the median exceeded 7.1. [21] Spleen stiffness with TE were measured with the FibroScan M probe under ultrasound guidance and was considered a success if 10 valid measurements were acquired. [22] In each patient, the probe used for baseline measurements on Day 1 (XL or M), was used for all subsequent measurements on Day 1 and 2.
Statistical analysis
Summary statistics are reported as means and standard deviations or medians and interquartile ranges, depending on distribution. For group comparisons, we used a t-test for normal distributed data and the Wilcoxon rank sum test for non-normal distributed data. Results with a p-value below 0.05 were considered statistically significant.
For the analysis of how a meal ingestion affected the liver stiffness, we labeled patients as misclassified if their liver stiffness crossed a predefined threshold from baseline to peak postmeal liver stiffness. We chose the thresholds according to known cut-off values for 2D-SWE and TE to diagnose significant fibrosis, severe fibrosis, cirrhosis and clinically significant portal hypertension. Accordingly, biopsy-proven F0-1 fibrosis was labeled as misclassified with 2D-SWE and TE if liver stiffness increased from a baseline value less than 7.1 kPa, to a postpeak value of 7.1 kPa or above. [4, 23] Fibrosis stage F2-3 were labeled as misclassified if 2D-SWE increased across a 9.2 kPa cut-off for severe fibrosis or the 13.5 kPa cut-off for cirrhosis. [23] Similarly, we used TE cut-offs of 9.5 kPa and 12.5 kPa for severe fibrosis and cirrhosis. [4] For patients with cirrhosis, we used cut-offs for clinically significant portal hypertension of 16.0 kPa assessed with 2D-SWE [19, 24] and 20 kPa assessed with TE. [5] Likewise, we labeled CAP measurements as steatosis misclassification if the CAP value crossed cut-offs of 250 dB/m and 300 dB/m. [11] In addition to labeling misclassifications, we registered whether post-meal measurements increased more than 20% from baseline.
Predictors of misclassifications and changes in liver stiffness over time were investigated in logistic regression models with patient id and meal size (Meal A vs. Meal B) as the grouping variables. For liver stiffness and CAP, we tested whether fibrosis stage and meal size predicted misclassifications and a post-meal increases of !20% from baseline uni-and multivariate models. All analyses were performed with the statistical software STATA version 14 (Statacorp, TX, USA).
Results

Patient characteristics
During a 12-month period from July 2014 to July 2015, we included 60 patients (Fig 1) . Fortytwo (70%) of the patients were male, the mean age was 59 years (range 39-78) and in the majority of patients (83%) the etiology of liver disease was alcohol overuse (Table 1) . Twentyeight (47%) patients belonged to the fibrosis group and 32 (53%) to the cirrhosis group. Changes in liver stiffness after a moderate or high calorie meal
Liver stiffness measured by 2D-SWE and TE increased after the moderate calorie Meal A (Fig  2) and after the high calorie Meal B (both p<0.01 for baseline versus peak liver stiffness). Liver stiffness increased at median by 22% for 2D-SWE and 28% for TE after Meal A (Table 2) ; and 31% for 2D-SWE and 37% for TE after Meal B. Patients with cirrhosis experienced the most pronounced increase in liver stiffness (Fig 3) . When comparing the two different sized meals, there was no significant difference between the increase in liver stiffness: After Meal A, 2D-SWE increased 2.0 kPa, versus 3.9 kPa after Meal B (p = 0.096). For TE, the increase was 2.4 kPa versus 2.6 kPa (p = 0.134) ( Table 2 , Fig 3) . After both meals, the average time to peak liver stiffness was 60 minutes (Table 2) , but in ten patients, half of whom had cirrhosis, liver stiffness peaked at 180 minutes after both meals and with both elastography techniques.
We considered an increase in liver stiffness of 20% or more clinically relevant. After Meal A, 24% (2D-SWE) and 29% (TE) of patients had persistently elevated liver stiffness of 20% or more from baseline, three hours after meal ingestion. After Meal B, it was 31% (2D-SWE) and 50% (TE) of patients (tests for difference between meals, p = 0.07). The majority of patients with elevated liver stiffness beyond three hours had cirrhosis (range 45-75%, depending on elastography technique and meal size).
We confirmed the above findings in subgroup analyses including only patients with alcoholic liver disease and according to abstinence or active drinking (data not shown).
Misclassifications of fibrosis stage and clinically significant portal hypertension by liver stiffness
The temporary increase in liver stiffness after the moderate and high caloric meal caused 22% and 34% of patients to be misclassified with 2D-SWE (p = 0.225), and 20% and 38% with TE (p = 0.021).
In the fibrosis patients, Meal A caused overestimation of fibrosis stage in 36% of patients assessed with 2D-SWE and in 24% of patients assessed with TE. The high calorie Meal B caused overestimation of fibrosis stage in a higher proportion of F0-3 patients: 52% with 2D-SWE and 54% with TE. In the cirrhosis patients, the moderate calorie Meal A caused overestimation of clinically significant portal hypertension assessed with liver stiffness in 10% (2D-SWE) and 14% (TE) of patients, versus 13% (2D-SWE) and 16% (TE) caused by the high calorie meal. Of the misclassified patients, 73% had a peak increase in 2D-SWE liver stiffness !20% from baseline; versus 54% of the correctly classified patients. With TE, 93% of the misclassified patients increased !20% from baseline (Table 3 ). Three hours after Meal A, four (2D-SWE) and three (TE) patients were still misclassified with a liver stiffness !20% of baseline. For the high calorie meal, Meal B, four (2D-SWE) and nine (TE) patients were still misclassified with a liver stiffness !20% of baseline after three hours. In logistic regression analysis, the high calorie meal significantly predicted misclassifications with TE, independent of fibrosis stage ( Table 4 ).
The effect of a meal on spleen stiffness
Because of low success rates for spleen stiffness with 2D-SWE and TE (24% and 60% successful baseline measurements, respectively) we merged data on the proportional increase in spleen stiffness for the two techniques. This allowed us to analyze post-meal, proportional changes in spleen stiffness in 36 patients after Meal A and 32 patients after Meal B. Overall, spleen stiffness increased significantly from baseline to peak post-meal value (Table 2; p<0.001) on both study days. The proportional increase from baseline was 17% after Meal A and 19% after Meal B 
Correlation with portal blood velocity and portal blood flow
Portal venous blood velocity increased 35% and flow increased 48% from baseline within an average of 40 minutes after meal ingestion (p<0.001). There was no significant difference in the increase in velocity or flow between a high and a low calorie meal. Both velocity and flow increased significantly more in patients with F0-3 fibrosis, than in cirrhosis patients. While the Time to peak value (minutes) 60 ±80 60 ±80 60 ±140 120 ±120 120 ±160 180 ±120
2D-SWE, real-time 2-dimensional shear wave elastography; TE, transient elastography; CAP, controlled attenuation parameter. *Delta denotes the difference between baseline and peak value.
**The proportional changes in spleen stiffness was combined for the two techniques to adjust for a low number of successful measurements.
https://doi.org/10.1371/journal.pone.0173992.t002 Liver stiffness after a moderate and high calorie meal increase in portal blood velocity preceded the rise in liver stiffness (Fig 4) , increased liver stiffness did not correlate significantly with increased portal velocity or flow, neither in univariate analysis, or when adjusting for degree of fibrosis.
Controlled attenuation parameter is influenced by meal ingestion
Controlled Attenuation Parameter (CAP) increased slightly after a moderate calorie and a high calorie meal ( Table 2 ). The overall increase in CAP was 22 dB/m after Meal A and 22 dB/ m after Meal B (p = 0.603 between study days), with a proportional increase of 7.4% and 9.9% after Meal A and Meal B, respectively. The degree of fibrosis did not influence baseline or peak CAP (all p>0.6). The highest CAP was observed after 60 minutes after Meal A and 120 minutes after Meal B.
Controlled attenuation parameter increased above the 250 dB/m and 300 dB/m thresholds, causing steatosis misclassifications, in 26% and 33% of patients after Meal A and Meal B, respectively. As opposed to liver stiffness, CAP only increased more than 20% from baseline in 17% of patients, across study days.
Discussion
In this study food intake caused up to half of the non-cirrhotic patients to be misclassified with higher stages of fibrosis and 10-14% of cirrhotic patients to be misclassified with clinically significant portal hypertension. Liver stiffness, spleen stiffness and controlled attenuation parameter all increased after a moderate and high calorie meal, assessed with both transient and 2-dimensional shear wave elastography. Liver stiffness remained substantially elevated from baseline in 24-50% of patients three hours after the meal, depending on elastography technique and meal size. We also observed that one in six patients did not peak before 180 minutes, equally distributed among F0-3 fibrosis patients and cirrhosis patients.
Our finding supports an optimal fasting time of longer than three hours. This contrasts with recent elastography guidelines [2] and with a study in chronic hepatitis C patients, where a 600 kcal meal caused a temporary increase in liver stiffness that normalized within 2 hours. [12] By utilizing a longer period of observation after the meal, we demonstrate that several patients has more than 20% elevated liver stiffness 3 hours after the meal, causing false positive results and misclassifications. This finding was observed for both the moderate and high calorie meal, across fibrosis groups. We are thereby in line with a study in chronic hepatitis B patients, where an 850 kcal meal caused 18% unreliable liver stiffness measurements 120 minutes after the meal. [25] A meal of higher caloric content and volumetric size increased the proportion of misclassifications, but only significantly for patients assessed with TE. Overall, the meal-related increases in liver stiffness was only moderately affected by the size of the meal; while spleen stiffness, CAP and time to peak was unaffected by the meal size. This may relate to the fact that some of the factors driving changes in hepatic viscoelasticity after a meal are independent of meal size. For example, portal venous velocity and flow were not predictors of liver stiffness increase; despite both variables being elevated after a meal. This is in agreement with a previous study where liver stiffness increases correlated with arterial flow, but not portal flow in patients with cirrhosis. [13] However, another study suggested a linear relationship between liver stiffness and portal flow in non-cirrhotic patients. [26] The effect of a meal on liver stiffness is similar across liver disease etiology and ultrasound elastography technique. Prior studies have assessed only patients with chronic viral hepatitis, used only TE for assessment of liver stiffness and only evaluated patients for one or two hours after the meal. In this study, we are the first to include a population primarily consisting of alcoholic patients, the first to investigate liver and spleen stiffness with both TE and 2D-SWE and the first to investigate meal-related changes in CAP.
Spleen stiffness is a potential marker for clinically significant portal hypertension and the presence of esophageal varices. It is therefore of interest, that spleen stiffness also seem to increase after a meal. However, the high number of invalid measurements, possibly due to normal spleen size in the majority of patients, questions the generalizability of our results and the clinical applicability of spleen stiffness assessment. In this study, in contrast to liver stiffness, the proportional spleen stiffness increase was comparable between fibrosis groups. A possible explanation was that eight patients with cirrhosis had a spleen stiffness above 70 kPa measured by TE, which prohibits a large proportional increase due to an upper TE limit of 75 kPa.
Our study also suggests that meal intake affects the attenuation of liver tissue, thereby causing postprandial increases in CAP values. While the average peak post meal value was only 36 dB/m above baseline, it was enough to elevate CAP across common thresholds for steatosis classification in 26% of patients after Meal A and 33% of patients after Meal B.
In conclusion, we recommend more than three-hours fasting before the assessment of liver stiffness, spleen stiffness and controlled attenuation parameter. Our data suggest that this approach should be exercised across the entire spectrum of fibrosis, across different ultrasound elastography techniques and for patients of all liver disease etiologies.
